Abstract-The aim of this study is to define the fluid mechanics of a pulsatile pneumatically driven pediatric ventricular assist device (PVAD), for the reduced flow rates encountered during device weaning and myocardial recovery, and relate the results to the potential for thromboembolic events. We place an acrylic model of the PVAD in a mock circulatory loop filled with a viscoelastic blood analog and operate at four stroke volumes (SVs), each with two different filling conditions, to mimic how the flow rate of the device may be reduced. Particle image velocimetry is used to acquire flow field data. We find that a SV reduction method provides better rotational flow and higher wall shear rates than a beat rate reduction method; that a quick filling condition with a compressed diastolic time is better than a slow filling condition; and, that a reduction in SV to 40% led to greatly reduced fluid movement and wall shear rates that could increase the thrombogenicity of the device. SV reduction is a viable option for flow reduction during weaning, however, it does lead to significant changes to the device flow field and future studies are needed to develop operational protocols for the PVAD during bridge-to-recovery.
INTRODUCTION
Since their initial development in the early 1990s, pneumatically driven pulsatile devices for children have become a viable bridge-to-transplant option for end stage heart failure patients. 7 Recently these devices have also shown promise as bridge-to-recovery devices for patients with dilated cardiomyopathies. In some cases the patient's native ventricle shows enough recovery for explantation, and a heart transplant is no longer needed. 8, 9, 13, 25 In preparation for explantation the patient must be weaned from the device, allowing the native ventricle to resume circulatory support. Currently, there is no established weaning protocol for VADs, which means that changes to the flow rate and timing outside of the normal operational protocol are being performed. 5 These changes could alter the fluid mechanics of the devices, which have an effect on the overall device thrombogenicity. While improvements in the VAD design have helped reduce the number of thromboembolic events, 24 they still occur in nearly 40% of patients and remain a major concern for mechanical circulatory support. 2, 25 Previous in vitro studies of the Penn State pneumatically driven pulsatile 12 cc pediatric ventricular assist device (PVAD) fluid dynamics under normal operating conditions have found that the device has flow patterns desirable for the reduction of thrombus deposition. 3, 6, 17, 21 We observed that this device, which is developed for patients 5-15 kg is size, contains adequate wall washing of the device blood sac, which is defined from in vivo studies by Hubbell and McIntire on polyurethane materials, as wall shear rates greater than 500 s 21 . 12 Animal model studies of the device have also shown minimal thrombogenicity. 4 However, to use the PVAD for bridge-to-recovery we must determine how operational changes affect the device flow field. Previous bridge-to-recovery studies with pulsatile VADs have used flow reduction to wean the device. 23 Here, to reduce the chances of thrombus deposition as the flow is reduced, we seek a method of flow rate reduction that maintains adequate flow properties.
A previous study by our group found that flow reduction using beat rate reduction resulted in flow more conducive to thrombus deposition. This was a result of the lower flow rate combined with a longer diastolic cycle time. 20 A better weaning protocol should include a way to reduce the device flow rate while maintaining adequate wall shear. Previous flow visualization studies of pulsatile VADs have correlated information from in vitro particle image velocimetry (PIV) to in vivo clot formation in animal models. 10 In this study, we visualize a change in stroke volume (SV) to reduce the flow rate during weaning using PIV.
METHODOLOGY
An optically clear acrylic model of the PVAD was made to perform the flow visualization studies. The model was fitted with 17 mm Bjo¨rk-Shiley Monostrut tilting disc valves with the major orifice at an angle of +15°toward the fluid side of the device. This valve and valve orientation showed the best flow patterns in previous studies. 6, 22 The model was placed in a mock circulatory loop used to mimic the pediatric systemic circulation. 19 The inlet pressure was maintained at a nearly constant level by a venous compliance element. The loop was operated with a viscoelastic fluid, that mimicked 40% hematocrit pediatric blood, and consisted of Xanthan gum (0.03%), glycerin (16%), sodium iodide (50%), and water (33.97%), by weight. 16 The PVAD was run using a pneumatic driver that allowed for variable flow conditions.
The eight different flow conditions used in this study included four stroke volumes (SVs) of 100, 80, 60, and 40% of the 12 cc volume. In all cases, the device was allowed to fill completely; the stroke volume reduction was achieved by limiting the extent of ejection. For each stroke volume, two filling conditions were tested: a 'quick' fill and a 'slow' fill. The filling rate is determined by the pneumatic vacuum applied by the driver during pump diastole, and the pressure at the pump inlet cannula. In patients, the inlet pressure is the left ventricular (LV) pressure, which is highly pulsatile, especially during weaning. Rather than test the full spectrum of possible filling rates, we chose to test the extremes. Slow filling occurs when LV contraction coincides with pump systole, and quick filling The wall shear rate maps have been normalized by the 500 s 21 design metric. Shear in the clockwise direction is positive, and the counterclockwise direction is negative; therefore low shear is indicated by the green color between 1 and 21 on the color legend. All four SVs contain high wall shear rates. However, the three larger SVs maintain these along the entire surface. The 12 cc SV contains these higher rates for the longest duration. Yes-consistent rotational flow is observed through the start of systole.
No-rotational flow ends before the start of systole. Poor-wall shear rate >500 s 21 along less than 75% of the wall for a portion of the cycle. Good-wall shear rate >500 s 21 along 75-99% of the wall for a portion of the cycle. Very good-wall shear rate >500 s 21 100% of the wall for a portion of the cycle.
occurs when LV contraction occurs during pump diastole. Clinically, the inflow patterns will vary in magnitude and phase because of the asynchrony of the ventricle and PVAD. The pneumatic diastolic vacuum can be used to adjust the range of filling conditions. As a measure of filling rate, we use the end-diastolic delay (EDD), the time between the inflow of the device reaching zero and the beginning of systole. Cooper et al. found that changes to this EDD, and therefore, to the filling speed of the device, altered the flow patterns. 7 The quick fill uses a long EDD, which leads to a compressed inflow waveform with higher maximum velocities. The slow fill uses a very short EDD so that inflow occurs across all of diastole, resulting in a 'slow and steady' filling of the device. Waveforms from these two conditions are shown in Fig. 1 .
For all eight conditions, a beat rate of 75 beats per minute (bpm), a systolic duration of 340 ms and an average outlet pressure of 75 mmHg was maintained, the selection of which was based on the average pressure of a 6 month old infant. 15 The different SV and filling conditions were set by altering the systolic and diastolic pressures of the pneumatic driver. It should be noted that the systolic and diastolic pressures are measured as the driveline pressure from the driver airline, and are larger than what would be seen in the device clinically. The flow, pressure and EDD of each condition are given in Table 1 .
Particle image velocimetry (PIV) was selected as the flow visualization tool for this study. This 2D visualization tool was selected because of its ability to obtain whole flow field images in a reasonable time, which is important when multiple variables are considered. Previous studies of the PVAD have confirmed PIV to be useful and accurate for in vitro flow field studies. 21 Data was taken in 10 planes, three parallel to the diaphragm and seven normal to the diaphragm. A drawing of the clinical implantation, a CAD image of the PVAD and the location of the PIV planes are shown in Fig. 2 .
Two hundred data images were collected at 50 ms intervals throughout the cycle and used to calculate a single average vector flow map. Previous studies by Cooper et al. and Roszelle et al. describe the details of the PIV used in this study including the specific hardware, processing techniques and an error analysis. 6, 7, [20] [21] [22] The wall shear rate calculations are described by Hochareon et al. 11 The post-processing resulted in 2D vector flow field maps and wall shear rate maps for all eight conditions.
RESULTS
The results of each filling condition are reported separately. Each section focuses on the characteristics of the flow field considered important to thrombogenicity. These characteristics include the inlet jet formation, rotational flow field development, wall shear rates, and areas of stagnation or blockage, which can be correlated to thrombus formation. A summary of a selection of these characteristics is given in Table 2 . 
Quick Fill Condition
All four SVs contained a strong inlet jet with velocities above 1 m/s in early diastole, 50 ms. For SVs of 7.2, 9.6, and 12 cc the inlet jet strengthens to a maximum velocity of roughly 1.7 m/s at the next measurement time step, 100 ms. In comparison, the velocity of the 4.8 cc inlet jet decreased at this point in diastole, to a maximum velocity of 0.82 m/s. Figure 3 shows this behavior in the 7 mm plane for all four SVs.
All four SVs had sufficiently high wall shear rates (>1000 s 21 ) during early diastole along surface 1, located on the upper outside wall of the inlet port. As shown in Fig. 3 , the three larger SVs maintained these high rates across a large portion of the surface, while the 4.8 cc SV did not. The 12 cc SV maintained the highest wall shear rates for the longest portion of the cycle, a behavior that corresponds well with the inlet jet formation shown in the flow maps. As diastole progressed and the rotational flow field developed, the inlet jets of all the SVs decreased in velocity. The 12 cc SV maintained the highest velocities for the longest duration, behavior that was consistent with its higher flow rate. Figure 4 shows this development and breakdown of the inlet jets for each SV in the 8.2 mm plane.
All four SVs showed similar development and breakdown of the inlet jet in the 3.75 mm normal inlet plane. The wall shear rate maps along this plane had high wall shear rates during early diastole. As in the parallel planes, the 12 cc SV maintained the high shear rates for the longest time. Figure 5 shows the progression of the inlet jet in the 3.75 mm normal inlet plane and Fig. 6 presents the wall shear rate maps along surface 4, located just below the inlet port.
As diastole progressed, the rotational flow field formed in the parallel planes of all the SVs, with the exception of the 4.8 cc SV. Flow penetrated to the bottom of the device by 150 ms into the cycle and a coherent center of rotation was observed. Even so, the diastolic rotation was affected by the decreased velocity and duration of the reduced SVs. To illustrate how inlet jet velocity changes with the reduction in SV, the maximum velocities of the 8.2 mm parallel plane for each SV were plotted against time in Fig. 7 . The three larger SVs reached similar maximum velocities and then decreased. The 7.2 cc SV decreases at 150 ms, then the 9.6 cc SV at 200 ms, and finally, the 12 cc SV at 300 ms. At 300 ms all three larger SVs again had the same maximum velocity. In comparison, the maximum velocities of the 4.8 cc SV remained low throughout diastole.
The rotational flows of the 7.2 and 9.6 cc SVs began to lose strength during late diastole due to the lower momentum of the weaker inlet jet. At the 4.8 cc SV, the device developed areas of stagnation through the entire cycle because a rotational flow is never fully developed. Figure 8 shows the rotational behavior of all four SVs in the 11 mm parallel plane. The wall shear rate maps confirmed this difference in the strength of the rotational flows. High wall shear rates were observed during early to mid diastole along surface 3, located at the bottom of the outlet side, of the 11 mm plane shown in Fig. 8 . These are correspondingly reduced with the reduction in SV as shown in Fig. 9 .
In general, the SVs showed a smooth transition into systole. Because of its poor rotational flow, the 4.8 cc SV contained more areas of stagnation during early systole. None of the SVs contained an area of blockage upstream of the outlet valve, a flow characteristic that had been observed in previous studies. 6, 21, 22 
Slow Fill Condition
As we hypothesized, the slow filling condition gave an inlet jet that developed over a longer portion of diastole. The maximum velocities of the inlet jet were at mid diastole. This led to a rotational flow that began midway through diastole, and for the lower SVs, never fully developed.
The initial inlet jet was first observed at 100 ms into the cycle for all four SVs. The jet strengthened until just after mid diastole where maximum velocities of 0.94, 0.73, 0.59, and 0.47 m/s were observed for the 12, 9.6, 7.2, and 4.8 cc SVs, respectively, so that the strength of the inlet jet decreased with the reduction in SV. This slow jet development led to wall shear rates above the 500 s 21 threshold along the inlet surface from early to late diastole for the 12 cc case. However, as the SV was reduced, the wall shear rates decreased and did not reach 500 s 21 over the entire surface. This behavior is highlighted in the both the flow fields and the wall shear maps in Fig. 10 .
The non-uniform appearance of the wall shear rates indicates that the entire surface was not properly washed, increasing the chance of thrombus deposition. The 3.75 mm inlet normal plane, located closest to the outside inlet wall, showed the same inlet jet formation as the parallel planes. Wall shear rates were above the threshold along the walls of the inlet port for the 12 and 9.6 cc SVs. However, the two smallest SVs, 7.2 and 4.8 cc, had very low wall shear rates along these walls.
The inlet jet does not reach maximum velocity until mid diastole, which delays the penetration into the bottom of the device (300 ms for SVs of 12 and 9.6 cc) and the start of rotational flow. The 7.2 cc SV did not show penetration in the 8.2 and 11 mm parallel planes until the end of diastole, at 450 ms, and in fact the rotational flow never fully develops at this SV. The 4.8 cc SV shows little movement in the body of the device throughout diastole and into systole and is shown in Fig. 11 . This lack of a strong rotational flow results in low wall shear rates along the bottom surfaces. Figure 12 shows surfaces of the 11 mm plane for all the SVs.
During systole the flow smoothly transitions to the outlet valve, however, there were large areas of stagnation in the flow field, which increased as the SV decreased. Again, there were no areas of blockage observed upstream of the outlet valve during late systole.
DISCUSSION
The ability to bridge a patient to recovery rather than to transplant represents an exciting development for end-stage heart failure patients. This is especially true for pediatrics because of their high wait list mortality and the risks associated with heart transplant surgery on very young patients. 1, 14, 25 However, a lack of information about weaning for VADs has led to operation of these devices outside of normal conditions, which could alter the device fluid mechanics and lead to changes in thrombogenicity. In this study a SV reduction method using two filling conditions showed how the fluid mechanics of the pump may be altered when the device is used for clinical applications such as weaning. The two filling conditions here were the extremes of clinical conditions for bridge-to-recovery. The differences between the conditions are clearest in the development and strength of the rotational flow and the wall shear rates.
The behavior of the inlet jets for each filling condition was evident in the wall shear rates along the inlet surfaces. As shown in Fig. 3 , the quick filling condition results in a burst of high magnitude wall shear rates (>1000 s 21 ) early in diastole. Figure 10 shows wall shear rates of lower magnitudes for a longer duration when the slow filling condition was used. We conclude that the quick filling condition maintained more desirable wall shear rates along the inlet because the entire surface experienced wall shear rates above 500 s 21 for at least a portion of the cycle at the three larger SVs. Even with its reduced velocities, the 4.8 cc SV showed wall shear rates above the thresholds for some portion of the surface. In contrast, the slow fill condition showed a much less uniform wall washing near the inlet. Because of the importance of wall washing in the prevention of thrombus deposition, the slow fill condition is less desirable.
To help compare the wall shear rate data for each condition we also used a thrombus susceptibility potential metric (TSP). Medvitz et al. originally developed the TSP for a computational model of the adult sized 50 cc device and it uses the wall shear rate values throughout the entire cycle to calculate an average time dependant value. 18 This metric represents the chance a thrombus would form on the surface and the values calculated for each surface agreed with our results, showing that the walls of the quick fill condition had a lower potential for thrombus formation.
When using the quick fill condition, the penetration into the bottom of the device and the set up of the rotational flow occurred earlier in diastole. As shown in Fig. 8 , a coherent center of rotation is maintained throughout diastole for the 7.2, 9.6, and 12 cc SVs. In comparison, the rotational flow in the slow filling condition does not develop until mid diastole and breaks down around the same time as the quick condition, suggesting there are more areas of stagnation in the body and outlet side of the device during diastole using the slow condition. These areas of stagnation lead to a flow environment more conducive to thrombus formation. The quicker and tighter rotational flow observed with the quick filling condition also results in higher wall shear rates along the bottom surface of the device. This was shown earlier in Figs. 9 and 12, along the bottom outlet surface of the 11 mm parallel plane.
Regardless of the filling rate, a stroke volume reduction to 4.8 cc led to poor flow. A strong rotational flow was never established with either filling condition. A reduction to this SV also led to poor wall washing and an increase in stagnant flow regions, both of which increase the thrombogenicity of the device. Because of this, a reduction below 7.2 cc is not recommended as part of a weaning protocol.
The SV reduction using a quick fill condition was also found to be superior to the beat rate reduction method presented by Roszelle et al. 20 That study found that beat rate reduction from 75 to 50 bpm led to poor wall washing and weak rotational flow. Comparisons between the two conditions using the same flow rate indicated that the quick fill SV reduction condition led to a stronger, tighter rotational flow field that lasted through diastole and better, more uniform wall washing. These results agree with previous studies of adult VADs that have observed better results in animal models using SV reduction, citing a less abrupt and more physiologically stable transition to the native ventricle when compared to beat rate reduction. 23 
CONCLUSION
Overall, we conclude that a SV reduction protocol has good potential for flow rate reduction of a pneumatically driven PVAD for weaning applications towards bridge-to-recovery. When using a quick filling approach, a SV reduction from 100 to 60% resulted in flow with a strong inlet jet, penetration to the device bottom, a continuous rotational flow through diastole, and areas of adequate wall washing. This protocol showed better results than a beat rate reduction or a slow filling SV reduction.
A SV reduction using a quick fill is not without problems. Some device surfaces remain without sufficient wall washing, which could increase the chance of thrombus deposition. This is especially true of the 7.2 cc SV. There is a need of further work toward operational protocol changes, which may include changing systolic durations or EDD. Further studies should focus on very low flows, here shown by the 4.8 cc SV, which resulted in poor flow conditions regardless of the condition used, because reductions close to this level may be required in weaning.
During the weaning process the patient's native ventricle and its changing behavior becomes a factor. Because of this, current and future studies by our group are being performed to observe the combined effects of the native ventricle and the PVAD fluid mechanics.
